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Tbe mesent inventiaa lelites to a meHhod of stimnlatmg the ptolifeistian and apprc^riate cell mamration of a variety of differot 
ceOs and tissues in fltaee^linwowoiia culhnra in vilro 

I'fi^nriing, ^Bt QOt iwtwi fo, cfaondnxntes, cfaondxpcylD^ptogenitorB, fibroblasts, fibxoblast-like cells, u mh ilical cord oellB or bone marrow 
ceDsfam mnbilical coid Mood aie inocnlated and grown on a tee&^liinffnMonal ftamewoik in ifae presence of TGF^. S^anal ceDs may 
also tednde oflier cdls found bi loose connective tissue sndi as endo&dial ceOs. macroiftages/monocytes, adqKx:ytes, pericytes, rcti^ 
celb found in bone manow sInjraB, etc. The stromal c^ 

substantially envclppe die fiamewodc oonqnised of a Wocon^wfflde nm^iviiig material f ontned into a toee-dimensianal stra^ having 
iotei^tial spaces bridged tgr tbe stronal cells. Tlie Ih^ stramal tissue so fanned provides die support, grow^ tactois, and rggujatory 
factors nece^ to sustain loM-tcrm active pndilteration of oc^ in cultme and^or cdtmes bnplanted in vivo. TOwa grown in feis toee- 
dimensianal syian, ite proliferating cdls mattue and segregate pn^eriy to fonn componfflits of adnU tissues analogous to oounteiparts in 
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"ShiB iBvenfeiexa K^ela^g growing stromal o©lls^ 
such a© dhon&roa^^Bff pr@ges:xito2'-^©xiidl£'ocyibes ^ 

eul'feureo '^rariefey of biodegradable and 
noxj&i©d©gradable matrices treated with sterilising 
agents and/or pr©ced^es ean Dae used as tine scaffold 
in accordance with tteie invention o A variety of 
eultiare conditions can be adjusted^ including the 
control of ptoysical conditions sucb as pressure and/ or 
the addition of growth factors o ^ditionally^ the 
cultured cells can be genetically engineered to 
egress gene products beneficial to growth ^ 
transplantation and/or asaielioration of disease 
conditions e 

' TOae resulting three--dimensi©nal cultures and 
biological replacexaent cartilage tissue constructs 
have a variety of applications ranging from 
transplantation or i3aplantation in vivon to screening 
the effectiveness of cytoto^c compounds and 
pharmaceutical agents la vitro o TPhe invention is 
demonstrated by way of exasaples describing the three- 
dimensional culture of chondrocytes o 



mmmmmm 



^SGVl&iXiQ aoveable joln^ tha for smootSi 

gliding aotiono The asrticaalar cartilages are firmly 
attached to the underlying bones and meastare less than 
5aa in thickness in hraaan joints, with considerable 
variation depending on joint and site within the 
jointo "Sfhe articular cartilages are aneural^ 
avasemlar, and alyaphatico Xn adult hwaans, they 



desriv® their attrition by a dpuble diffusion system 
through the synovial sies^rane and through the dense 
aatri^c of the csartilage to reaeh the chondrocyte o 

The biocheaical co^osition of articular 
cartilage includes txp to 65<-80% water (depending on 
the cartilage) ^ nith collagen as the most prevalent 
orgasiiic constituent o Articular cartilage consists of 
highly specialized chondrocytes surrounded by a dense 
esetracellular snatriK consisting mainly of type II 
collagen^ proteoglycan and water □ Collagen (saainly 
type II) accotmts for about l5--25% of the wet weight 
and about half the dry weighty except in the 
supesrf icial gone where it accounts for most of the dry 
weight « Its concentration is usually progressively 
reduced with increasing depth from the articular 
surface. The proteoglycan content accounts for up to 
10% of the wet weight or about a quarter of the dry 
weight o Proteoglycans consist of a protein core to 
which linear sulfated polysaccharides are attached^ 
mostly in the form of chondroitin sulfate and keratin 
sulfateo In addition to type II collagen^ articular 
collagen contains several other collagen types (IV^ 
IX and X) with distinct structtxreso There are a 
variety of interactions between these individual 
macromolecules, which include both noncovalent 
associations between proteoglycans and collagens, and 
covalent bonds between different collagen species <> 
Resistance of the extracellular matrix to water flow 
gives cartilage its ability to dispense high joint 
loads o It absorbs shock and minimises stress on 
subchondral bone (Mow et alo. i984^ Jo Biomechc 
17s377°394)« Adult cartilage and bone have a limited 
ability of repair o 

Damage of cartilage produced by disease, such as 
rheiaaatoid and/ or osteoarthritis ^ or trauma can lead 
to serious physical deformity and debilitation « As 
human articular caortilage ages^, its tensile properties 
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ch&»®s. mapejeSieial some tJi© Jmee air&iculsr 

earfeilag© asehibifes an inesess© fe©rasile si&rejngtto tap 
feo l£he third deead© of lif©* after which it decreases 
sisrkedly Hith age as detectable da®sg© to type 12 
eollagsB ©ec«ars at t^e articular surface » The deep 
s©a@ cartilage also eashibits a progressive deerease in 
teasile strexsgth ^th inereasiiftg age^ althoiagfci 
e©3.a.agex» eoateat does not deerease* These 
©feses^tiosjs indicate that thesre are changes in 
saecEsanieal and, hence, stnaetural organisation of 
cartilage with aging that» if sufficiently developed, 
can predispose cartilage to tratamatic daiaage. In 
osteoarthritic cartilage there is excessive daaiage to 
type II collagen, resulting in crisaping of collagen 
fibrils o In rheuaatoid arthritis, the combined 
actions of free radicals and proteinases released from 
polyaorpholeukocytes cause souch of the damage seen at 
the articular surfaceo C^ilcu et al. » 1S90, Jo 
laaunolo 14S § 690=696) = Snduction of cartilage matrix 
degradation and proteinases by chondrocytes is 
probably induced primarily by . inter leiaJcin^-i or 
tsmer necrosis factor-© (WF-es) (Tyler, 1985, Biochemo 
Jo 22S t 493=507 ) o 

•The current therapy for loss of cartilage is 
replacement with a prosthetic material, for exaa^le, 
silicone for cosmetic repair©,, or metal alloys for 
joint relinemento Placement of prosthetic devices is 
usually associated with loss of underlying tissue and 
ben® Without recovery of the full function allowed by - 
the original cartilage » Serious long-term 
ecffl^lications associated with the presence of a 
permanent foreign body can include infection, erosion 
and instability.. 

Use of sterilized bone or bone powder or surgical 
steel seeded with bone cells which were eventually 
implanted have been largely unsuccessful because of 
the non=degradable natmre of the cell support. 



AeeoEtaiiag to one procedure fibroblasts are exposed 
yifo^ for a minimum ot three days^r t;o a soliible bon(& 
protein capable of stimulating In vitro and /or In vivo 
a ehondrogenie response o Th& activated fibroblasts 
are then trasisferred 2M vivo by cosnbinlng thesi t^ith a 
biodegradable ^tri^, or by intra-artiemlar inj)ectlo£t 
or sittadhment to al^lografts and prosthetic devices o 
^e disadvantage of this method is that chondrogenesls 
is imot allowed to develop in the short-term cultures 
and there is an unduly heavy reliance for cartilage 
synthesis by the e^^osed fibroblasts at the isaplant 
site. Caplan^ ha, UoS. Pat» NOo 4,609,551, issued 
Septesaber 2, 1986 o 

UoSp Pato NOo 5^,041,138 to JoPo Vacanti et al. . 
issued August 20, 1991, describes growth of 
cartilaginous structures seeding chondrocytes on 
biodegradable matrices for si^sequent implantation in 
vivOo Although this system offers the advantage of a 
greater surface area and e^cposure to nutrients, the 
conditions esaployed for culturing the chondrocytes . are 
routine and no efforts have been made to optimize the 
conditions for the chondrocytes to produce collagen 
and other cartilage-type macrcnaoleculeso 

Sa^o @go^h g&etors aad Hossaegt®® 
6ro«rth factors have paracrine or autocrine 
effects on cell metabolism and can retard or enhance 
chondrocyte division, matrix synthesis, and 
degradation o 

TaF=^ refers to a growing family of related 
dimeric proteins ^hich regulate the growth and 
differentiation of many cell types (Barnard e_t_alo n 
1990, Biochemo Biophys. Acta. 1032s79«87; Massague, 
1990, Annuo Sevo Cello Biol. 6 §597-619; Roberts and 
Spom, 1990, ppo 419-472 BSoBo Sposrn and AoSo ^S>Brt& 
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(sds.}^ Pep-feid® Sx-owtto Factors and Their Reeeptors I, 
Sprijrsger°Verl©g, Berlimi) <> Mexabers of this family 
include TaF/5=l (Derynck at al^„ 1985, Nature 316 s 701- 
705? saoseis at 1981, Cancer Reso 41 8 2842=2848? 

Roberts et al. . 1981, ProCo BJatlo Acado Scip USA 78, 
S339=S3435 Sharpies et aX^ » 1987, »KA 68239-244), TCF- 
(ESeSaartin at silo , 1987, KBaSO Jo 68 3676-3677? Hasiks 
alo . 1988, ProCo Watl. Acado Seio USA 85, 79-82? 
Xkeda at al . „ 1987, Biochesaistry 26, 2406=2410? 
£2adisen at al, . 1988, DWA 7, 1-8? Marguardt £g^_aJLB., 
1987, Biol. Cheaio 262812127-12131, Seyedin et al, . 

1987, Jo Biolo caiefflio 262 s 1946-1949) , T6F-/83 (Derynck 
at alo , 1988, ESSBO J. 78 3737-3743? Jalcowlew at al.. 

1988, Bndocrinnolo 2, 747-755, T6F-/J4 (Jakowlew et 
al, . 1988, Mol- Bndocrinnolo 281064-1069), 
(Kondaiah 1990, Jo Biolo Chemo 26521089=1093), 
and the more distantly related Mullerian inhibitory 

'substance (Cate at alo „ 1986, Cello 45g 685-698), the 
inhibins (Mason et al. . 1985, Nature 318 s 659-663) , the 
bone morphogenetic proteins (Wozney et_aij., 1988, 
Science 242 81528-1534) and OP-l (Szkaynak gt 
3.990, SESBO Jo 982085=2093) o Met^ly discovered sBeubers 
include OP-2 (ozkaynak i^t alo . 1992, Jo Biolo CheMo 
267825220-25227), 6DF-1 (ILee, 1990, Efel- Bndocrinnolo 
4:1034-1040)? 6DF-3 and 6DF-9 (McPherron and Lee, 
1993, Jo Biolo Cheso 2688 3444-3449) and Nodal (Shou ^ 
al, . 1993, Nature 3618543-546). 

TGF-/3 was first characterised for its effects on 
cell proliferation. It both stimulated the 
an^orage-independent growth of rat kidney fibroblast© 
(Roberts et alo . 1981) , and inhibited, the <grcs?Jth of 
monkey kidney cells (Tucker at al ■ ^ 1984, ProCo BJatl. 
Acado sci. USA 818 6757-6761) o Since then, it has been 
shoTTO to have many diverse biological effects 8 it 
stimulates bone formation (Noda and Camilliere, 1989, 
Bndocrinnolo 124 8 2991=2995? Joyce Qt al^„, 1990, Jo 
Cello Biol. 1108 2195-2207? Harcelli et al,, 1990, Jo 



BoEi© MiB(aral a<sSo 5^31087-2.096^ Beck ®fc al o . 1991^ Jo 
Bosne Mineral Reso 6 2 9S1? Maclcie and Trechsel^ i990^ Jo 
e©llo Biolo 2.3.0, 2195-2207) ^ induces rat muscle cells 
to produce cartilage-specific macromolecules (Seyedin 
Qt al o , 1984^ Jo Biolo Chemo 261s5693»5695; Seyedin fife 
alo . 1986 Jo Biolo Cheaio 261s 5693-5695; and Seyedin 
@t alo n 1987^ Jo Biolo CSneao 262§a946«1949K inMbifes 
tl3ie growth of early hematopoietic progenitor cells 
(Soay et alo , 1989^ Jo £sra(83nol« 143S877-880) ^ T cells 
(Kehrl et alo « 1986^ Jo Sacpo ESedo 163s 1037-1050) , 
B cells (Kasid et^aX^ . 1988^ Jo Immunol o 141, 690- 
698) a mouse keratinocytes (?ietenpol et alo . 1990, 
Cell 618 777-7851 Coffey et alo . 1988, Cancer Res* 
48sl596<-1602) and several htman cancer cell lines 
(Roberts et al. . 1985, Proc. Katlo Acado Scio USA 
82 S 119-123? Ranchalis et ala . 1987, Biophyso ReSo 
Commun. 148 s 783-789) o It increases the synthesis and 
secretion of collagen Bn& fibronectin (Ignots amd 
Massaguep 1986 Jo Biolo Ghemo 261s 4337-4345? 
Centrella et alo . 1987^ Jo Biolo Chemo 262 s 2869-2874? 
Malemud et alo . 1991, Jo Cell Physioo 149s 152-159? 
GalSra et alo . 1992, Jo Cell Physioo 153sS96-606? 
Phillips et^al^ ., 1994, SoCo InVo Dermo 103-2 § 228-232) ^ 
accelerates healing of incisional ifounds (SSustoe sfe 
alo., 1987, science 237sl333-l335) , suppresses casein 
synthesis in mouse mammary e^eplants (Robinson et al.. 
1993, Jo Cello Biolo 120S245-251) , inhibits DMA 
synthesis and phosphorylation of pRb in rat liver 
epithelial cells (Whitson and Itakura, 1992, Jo Cello 
Bioehemo 48s 305-315), stimulates the production of 
BFSf binding proteoglycans (Mugent and Bdelman, 1992, 
Jo Biolo Chemo 267s212S6-21264) , modulates 
phosphorylation of the S6F receptor and proliferation 
of epidermoid carcinoma cells (Goldkom and 
Mendelsohn, 1992, Cell Growth and Differentiation) and 
can lead to apoptosis in uterine epithelial cells 
(Rotello et aln „ 1991, ProCo Bfatlo Acad. Scio USA 



88§34a2->3415) ^ culttxr©fi hepafcoeytes and regressing 
liver (ObarBiasGaer efe al.^ 1992^, Proc. Hatlo Aoafio Scio 
"QSh @9s5408-'5412) ,> St easa mediate cardioprotection 
agaistst reperfTuision injiary (Lefer efe .a^r'^.p i9©0^ 
Seiesie® 249^ Sl=>64) &>y iahibitisag neufereptoil adhereiaee 
t@ exiid©thelitm (Lefer et_^^ . 1993^ ProGo Matlo Asado 
Seio OSA 90sl018»1022) a^d it protects agaisiist 
e^erimental amtoisomme diseases in mice (Rmruvilla s£ 
slX^ „ 31991^ Proco Natlo Aeado Scio USA 8832918-2921) o 

Jm contrast to the foregoing reports of tke 
ability of TGF<»j3 to indtace the production of 
cartilage«»specif ic Bacromolecules in auscle cells and 
chondrocytes I, T6F»i3 i;?as found to act synergist ically 
tfith fibroblast growth factor to inhibit the synthesis 
of collagen type II by chicken sternal chondrocytes 
(Horton et al <> . 1989 ^ Jo Cell PhysiOo 1412 8-= 15) and 
TQF'=^0 inhibited production of type II collagen in rat 
©hoBdrocytes (Rosen et aX^ . 1988^ Jo Cell PhysiOo 
134 8 337-346) o In fact^ has emerged as the 

prototypical inhibitor of the proliferation of aost 
normal cell types in culture as Hell as in vivo n 
©3d3iibiting a remarkable diversity of biological 
activity (Ale^androw, MoGo, and Moses, HoLo , 1995, 
Cancer Beso 5Ssl452«=>1457) o 

TG'P^ffX has been purified from human and porcine 
blood platelets^ Assoian et al. . 1983^ from human 
placenta, IProlick et aX^ . 1983, and recombinant T6P-/51 
is currently available. Gentry et al . , 1988, Holo 
Cello Biolo 7g3418-3427o 

Insulin alone is unuch less potent than X6F»I in 
stimulating collagen matrix synthesis o Insulin, 
however, enhances proteoglycan synthesis in the 
presence of a lo^ concentration of serum (1^) » IGF-I, 
previously designated somatomedin c, is a potent 



inducer of collagan and proteoglycan synthesis j,n 
vitro o (Lindahl efc alo .. 1987^ J. Endocrinnolo 
1152263-271? Markower et al<> . 1989^ Cello Biolo Into 
Repo 13 s 259-270} o 

Z6F»XZ stiioulates ONA and IWA synthesis and is 
more potent than I6F*»I in stimulating clonal groc^th dLn 
fetal cells 7 ^ereas IGF*^: is more effective on adult 
chondrocytes o ZGF^XZ can stimulate proteoglycan 
synthesis, but, like insulin ^ is much less effective 
than 16F-Z (McQuillan et_aL, . 1986, Biochemo So 
240S423»430) . 

go5Lo3o @go^fea Hogmosae g@3SS> 
Parenteral administration of 6H can stimulate 
localized growth plate development ia vivo o 
Hypophysectosny leads to disappearance of IGF-I in 
gro^syth plate chondrocytes, indicating a cessation of 
synthesis o On the other hand<, treatment ^ith 
systemically or locally ^ results in the appearance of 
IGF-^Io Reports of direct stimulatory effects of 6H on 
cell growth in yitro (Maro et ale . 1989 ^ 
Endocrinnology 125sl239'»1445) conflict %fith reports 
that it has no effect (Burch et al. , 1985, Jc Clin» 
Sndocrinnola Metabo 60s747'»750} o 

Solo^o @t&<ag @go^h ggiefe^gs 
Epidermal growth factor (S6F) alone has no effect 
on chondrocyte proliferationo Together ^ith insulin, 
E6F synergistically stimulates proteoglycan synthesis 
and induces proliferation of chondrocytes <> (Osbom 
alo „ 1989 Jo Orthopo ReSo 7835-42) o Basic fibroblast 
growth factor (bPCSF) inhibits proteoglycan synthesis 
in fetal articular cartilage (Hamerman et al » 1986, 
Jo Cello Physiolo 127§ 317-322) , but it appears to 
function additively nith ISF^I in adult articular 
cartilage and stimulates proteoglycan synthesis 
(Osbom, KoDo, et al. . 1989, 3a Qrthopo ReSo 7s35-42)o 



Plat(aa©t=d®rivisd growth faefeosr (PDGF) also (aaSianeee 
profe©@glyeaa synthesis (Prias et aL> » 1982^ Arteritis 
}Rh@12Slo 25 S 1228-1238) o 

3o jiomsjt^ ©IF Tim Timmm^w 
Th(S present invention relates to the gro%?th asid 
preparation of cartilage Am vitro ^rfbiieh can be usecS 
for a variety of purposes Jji vivo o In accordance with 
the invention^ stroiaal cells which elaborate 
cartilage^specif ic macrosiolectiles and extracellular 
siatriM proteins, are inoculated and grown on three- 
dimensional frasaeworks or biodegradable scaffolds » 
She stromal cells which are inoculated onto the 
scaffold, laay include chondrocytes, chondrocyte- 
progenitors ; fibroblasts, f ibroblast-like cells and/ or 
cells capable of producing collagen type 21 and other 
collagen types, and proteoglycans which are typically 
produced in cartilaginous tissue© (See S'able I, 
infra) o The stromal cells and connective tissue 
proteins secreted by the stromal cells attach to and 
substantially envelope the three-^dinaensional frasiework 
or construct, composed of a biocompatible non«-living 
material formed into a three-dimensional structure, 
having interstitial spaces bridged by the stromal 
cells o The living stromal tissue so formed provides 
the support, growtSx factors, and regulatory factors 
necessary to sustain long-term active proliferation- of 
stromal cells in culture and/or cultures i?^lanted in 
vivo o ^Shen grown in this three-dimensional system, 
the proliferating cells mati^e and segregate properly 
to form coi^onent© of adult tissue analogous to 
counterparts A3 vivQ ° 

In another embodiment of the invention, the 
stromal cells are inoculated and gro^m on a three-- 
dimensional framework placed in any container that can 
be manipulated to allow intermittent pressure changes 
or in -a bioreactor system specially designed for the 
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ia vifcgo production of cartilage tissiae constructs, 
tfhich allo^fs for pressurisation of tSie chamber during 
gro^rfefe and an adequate supply of nutrients to stronaal 
cells by convection c 

In yet another esabodisaent of the invention^ the 
stroll cells are stisiulated to produce cartilage 
Msing exogenous ly added gro^^th factors^ ^^a. ^ 
%fith or without ascorbate, in culture a Alternatively, 
the stromal cells can be genetically engineered to 
express the genes for specific types of T6F— ^ f e,car> . 
TGF^fii) for successful and/or is^roved turnover of 
cartilage production post^^transplantationo 

Xn yet another embodiment of the invention p the 
stromal cells can be genetically engineered to express 
a gene product beneficial for successful emd/or 
improved transplantation o For example, the stromal 
cells can be genetically engineered to express anti« 
inflammatory gene products to reduce the risEs of 
degenerative diseases like rheiamatoid arthritis 
resulting in failure of cartilage due to inflammatory 
reactions ; Sogo , the stromal cells can be engineered 
to express peptides or polypeptides corresponding to 
the idiotype of neutralizing antibodies for 
granulocyte^macrophage colony stimulating factor (@S» 
CSF) , tumor necrosis factor (TMF) , interleulcin«2 (ir.- 
2) ff or other inflammatory cytokines and mediators o 
Preferably, the cells are engineered to express such 
gene products transiently and/or under inducible 
control during tha post^-operative recovery period, or 
as a chimeric fusion protein anchored to the stromal 
cell, @ogo ^ a chimeric molecule exposed of an 
intracellulsur and/ or transmembrane domain of a 
receptor or receptor--like molecule, fused to the gene 
product as the extracellular domain o 

In another alternative embodiment, the stromal 
cells can be genetically engineered to ^knoete out® 
expression of factors that promote rejection or 
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dlegoiaes^ativ® changes in arfei<eu3Lar cartilage Sue to 
aging ^ rhemaafeoid dissase or iBf lasmatioHo For 
©sessile ^ egression of pro-inf lasamatory m^iafcors suGh 
a@ ©M^eSF^ TDJFf, IL."!^ 11^2 &xid eytokiaas ean 
tooc2k<sd out iii tfa© stromal oells to reduce ti^e risk m£ 
iifaflMiatioao Mlc®^ise^ the expression of BSHC class 
XX ©oleeixl©© caxa 3b© JOToelced out in order to reduce tlae 
risk of rejection off the cartilage graft* 

In yet another esibodisient of the invention, the 
three-dimensional culture system of the invention may 
afford a vehicle for introducing genes and gene 
products la v^vQ ^ assist or improve the results of 
the transplantation and/or the use in gene therapies » 
For example 9 genes that prevent or ameliorate symptoms 
of degenerative changes in cartilage such as 
rheumatoid disease or inflammatory reactions and hone 
resorption^ may be under expressed or over expressed in 
disease conditions and/ or due to aging o Thus, the 
level of gene activity in the patient may be increased 
or 'decreased^ respectively by gene replacement 
therapy by adjusting the level of the active gene 
product in genetically engineered stromal cells c 

In a specific embodiment exeaqplif ied by the 
examples in Sections infra, chondrocytes from 

articular cartilage of Mew Zealand rabbits or cows 
were gromi in culture in monolayer or on three- 
dimensional biodegradable^ biocompatible fibrous 
framework or scaffold formed of sterilised polymers 
such as polyglyeolic aeid^^ ,polylactic acid or other 
polymers o "Eh® frameworks were designed to allow 
adequate nutrient and gas exchanges to the cells until 
engraftment at the site of engraftment takes place o 
particular benefits were achieved by maintaining the 
cultures under sterile conditions without inhibiting 
the growth of cartilage in biodegradable polymers 
sterilised by chemical methods or radiation <> 
Exogenous T6F«^3i, was added to the three-dimensional 
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cultiures to acdiieve a greatly increased prolif er-ation 
and differentiation of chondrocyte cells. The 
cultur€K3 cartilage was chetracterized by analyzing the 
cartilage constructs for glycoscuainoglycan, collagen I 
and II by histology and ixaaiinohistochenistry, 
biocbxemical cpiantitation^ Northern-Blot analysis and 
immunoblott ing • 



4. pl^BF DBSCRiyglON Of T^B DRAWINg 
Figiire 1 is a photograph of rabbit cartilage tissue 
grown in vitro with or without TGF-jJl. 

Figure 2 is a photograph of Hematoxylin and Eos in 
stained cartilage tissue grown ^ vitro without 
TGF-i3l* 

Figrore 3 is a photograph of Hematoxylin and Bosin 
stained cartilage tissue grown Xn vitro with T6F-/31. 

Figure 4 is a photograph of Trichrome stained 
cartilage tissue grown vitro without T6F--iSl to show 
the presence of collagen. 



Figure 5 is a photograph of Trichrome stained 
cartilage tissue grown Xn vit^o with T6F-/31 to show 
the presence of collagen. 



Figure 6 is a photograjA of Alcan Blue stained 
cartilage .tissue grown In vitro without T6F-/91 to show - 
the presence of gtlycosaminoglycan. 

Figure 7 is a photograph of Alcan Blue stained 
cartilage tissue grown jUi y Xii^a with TGV~01 to show 
the presence of GAG. 



Figure 8 is a photograph of cartilage after growth in 
vitro for eight weeks with or without TGF-jSl. 
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Figure 9 is a photograph of caortilage grown on 
radiation sterilized mesh in control, PGF-, and 
TGF--/3l-treated cultiires of cartilage* 

Figure 10: TGF-/3 and ascorbate increase the 
proliferation of bovine articular chondrocytes « 

Figure 11: Detection of collagen type XI and 6A6s in 

bovine articular chondrocyte lysates. 

A. Bovine articular chondrocytes were grown in 

complete media containing no additives (lanes 1 
and 5), ascorbate (50 ug/ml, lanes 2 and 6), 
T6F-j5 (20 ng/m, lanes 3 and 7), or TGF-i? + 
ascorbate (lanes 4 and 8) • Cell lysates were 
prepared, fractionated by SDS-PA6E and analyzed 
by immunoblotting u^ing anti-c^ondroitin sulfate , 
antibody (anti-CS; lanes 1-^4) or normal rabbit 
senm (NRS; lanes 5-8) . 

B» Bovine articular chondrocyte lysates were 

fractionated as in panel A and immunoblotted with 
antibody against collagen type II (lemes 1-4) or 
normal rabbit serum (lanes 5-8) • Lanes 1 and 5, 
no additives; lanes 2 and 6 plus ascorbate; lanes 
3 and 7, plus TGF^ffs lanes 4 and 8, plus TGF-jS 
and ascorbate. 

C. RNA was prepaured from chondrocytes vAiich were 
untreated (lane 1) , treated with ascorbate (50 
ug/ml, lane 2) , treated with TGF-j3 (20 ng/ml, 
lane 3), or T6F-j5 plus ascorbate (luie 4) and 
analyzed by Northern blotting using anti-collagen 
type II probe as described in Materials and 
Methods* 

Figure 12: Immuno-histochemical staining of cartilage 
constructs, samples were stained with normal rabbit 
serum (panel A and B) , anti-collagen type I (panel C 
and D) , or anti-collagen type II (panel E etnd F) . 
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Seonples shown In panel A, C, and E were grown wit^tout: 
TGF-/3 while samples shown in panels B, D, -and F were 
grown wi'th TGF-*^» 

Flgizre 13: Caxtilage^like tissue produced by bovine 
chondrocytes grown on PGA scaffolds » Bovine 
chondrocytes were seeded onto PGA scaffolds and grown 
for three weeks as described in Materials and Methods 
with (panel A) or without (panel B) T6F-/J (20 ng/ml) . 

Figure 14: Hematoxylin and eosin staining of in vitro 
csartilage tissue. The samples were sectioned and 
stained with hematoxylin and eosin. Sauries shown in 
panel A and B were grown without TGF-jS smd samples 
shown in panel C and D were grown with TGF-/S. 

Figure 15 is a photograph of cartilage constructs A- 
grown under static conditions and B - grown in 
bioreactors. 

Figure 16 describes cartilage produced in a bioreactor 
and stained with: A and B: Hematoxylin/eosin; c and 
D: Trichrome stain; E and F: Alcan Blue; and G and 
H: SafrandLn O, Pauiels X and J show hematoxylin/eosin 
and trichrome stain respectfully of a cartilage sample 
grown under static conditions. 

Figure 17: immunoblotting of bovine articular 
chondrocyte lysate. Cell-lysates from bovine 
chondrocytes were examined by Western blotting using 
anti«-type I collagen (lane 1) , anti-type IX collagen 
(lane 2), normal goat serum (lane 3)^ anti-versican 
(lane 4), normal rabbit senm (lane 5)^ anti- 
chondroitin sulfate (lane 6), normal mouse serum (lane 
7)- 



Figtxr© 18 g laauBolnistoehejaical stainijjg of cartilage 
coastruets « cartilage eons^fesnsets produced lift a 
bioraaetor was processed for ismmnohistochemical 
anal2f©i@ and stained nifehs A - antitype 21 collagen? 
B - anti-chondroitin? C anti-type I collagen? and D 
normal rabbit sensmo 




Xn accordance wl'tki tlxe invention stromal cells 
are inoculated onto a three-dimensional fraaework 
network or scaffold^ and grown in culture to form a 
living cartilaginous ssaterial^ The stromal cells may 
comprise chondrocytes, chondrocyte-progenitors , 
fibroblasts or f ibroblast-like cells with or without 
additional cells and/or elements described more fully 
herein o BSie chondrocytes ^ fibroblast- like cells and 
other cells and/or elements that comprise the stroma 
may be fetal or adult in origin, and may be derived 
from convenient sources such as cartilage^ skin, etCo 
Such tissues and/or orgems can be obtained by 
appropriate biopsy or upon autopsy? cadaver organs may 
be used to provide a generous supply of stromal cells 
and elements o Alternatively, umbilical cord and 
placenta tissue or umbilical cord blood may serve as 
an advantageous source of fetal-^type stromal cells, 
e.CTo „ chondrocyte-progenitors and/ or f ibroblast«like 
cells for use in the three-dimensional system of the 
invention o " 

Fetal fibroblasts and/or chondrocytes can be 
inoculated onto the framework to form a "'generic® 
living stromal tissue for culturing any of a variety 
of cells and tissues o However, in certain instances, 
it may be preferable to use a «specif ic« rather than 
^generic*" stromal system, in which case stromal cells 
and elements can be obtained from a particular tissue. 
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ergan, or individlualo For example ^ ^feere tSxe. ^bhree- 
aimensiosraal ©talfcmre is fco Ibe used to^ p^xrposes ot 
feraxisplainitation or isaplanta^ioia An vivo ^ it may b@ 
preferable to obtaist the stromal cells and elements 
fro® tSie individual who is to receive the transplant 
or isiplanto TtiLm approach might be especially 
advantageous ^ere immunological rejection o£ the 
transplant and/or graft versus host disease is likelyo 

Once inoculated onto the three-dimensional matrix 
or framework the stromal cells will proliferate on 
the framework and form the living stromal tissue which 
can be used iji vivo ^ The three-dimensional living 
stromal tissue will sustain active proliferation of 
the culture for long periods of time» Because 
openings in the mesh permit the e^it of stromal cells 
in culture confluent stromal cultiares do not e^ibit 
contact inhibition^, and the stromal cells continue to 
grow^ divide ^ and remain functionally active o 

The production of cartilage in the three-- 
dimensional culture is improved by the application of 
intermittent pressurisation and adequate supply of 
nutrients to stromal cells by convection. 

Growth factors are not necessary since they are 
elaborated by the stromal support matrix o However ^ 
growth regulatory factors including, but not limited 
to^ TGF-^ and ascorbate^ may be added to the culture o 
Because^ according to the invention « it is is^rtant 
to recreate^ in culture the cellular microenvironment 
found la vivo for cartilage, the eictent to which the 
streoiaal cells are grown prior to implantation vivo 
or use i^a vitre may varyo In addition^ the stromal 
cells grown in the system may be genetically 
engineered to produce gene products beneficial to 
transplantation, ecao anti-inflammatory factors, eoCfro . 
anti-CSM-CSF, antiHIWF, anti-IIi-l, anti-^IL-a, etCn 
Alternatively, the stromal cells may be genetically 
engineered to "knock out°° egression of native gene 



products t^t pr«aot:e inf lasisiation^ (&.€g^ . GSa-CSF^, SKF^, 
I3t5--1(. ZIj--2 0 or w'kiaoek oiafe'^ o^ression qS E^C in ©rdar 
t@ lower feh© risk of rej©cfeioaa Xn addition the 
©trcasal eells may be ganeticsally engineered for use iim 
gene therapy to adjust the level of gene activity ixa a 
patient to assist or is^rove the results of the 
cartilage transplantation o 

three-diasnsional cultures siay also be used 
in vitra for testing the effectiveness or cytotoxicity 
of pharmaceutical agents^ and screening cos^oundSo 

Xn yet another application, the three-dimensional 
culture eysteia miay be used Sm a ^'bioreactor^ to 
produce cartilage tissue constructs ii^ich possess 
critical biochemical, physical and structural 
properties of native human cartilage tissue by 
culturing the tissue under environmental conditions 
which are typically eaeperienced by native cartilage 
tissue o The three-^diaensional culture system may be 
maintained uir^der intermittent and periodic 
pressurization and chondrocytes are provided an 
adequate supply of nutrients by convection o Pressure 
facilitates flow of fluid through the microporous 
three-dimensional cartilage construct , thereby 
is^roving the supply of nutrients and. removal of waste 
from cells embedded in the construct o 

Although the applicants are under no duty or 
obligation to es^lain the mechanism by whic^ the 
invention works, a nuaiber of factors inherent in the 
three-dimensional culture system may contribute to its 
success s 

{a) The three<-dimensional matrix provides a 
greater surface area for protein attachments^ and 
consequent ly^^ for the adherence of stromal cells o 

(b) Because of the threes-dimensionality of the 
matrix stromal cells continue to actively grow, in 
contrast to ceils in monolayer cultxires, which grow to* 
confluence, eachibit contact inhibition, and cease to 
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groH and divide o Th@ tslabora'feion o£ groHtto. ©sid 
regulatory factors by r©plio®tisfig stromal cells aay be 
partially responsible for stijsulating proliferation 
and regulating differentiation of cells in culture 

(c) The three^-disensional matriss allo^ys for a 

spatial distribution of celliialar elements ^ieto is ♦ 
more analogous to tiiat £ound in the counterpart tissime 
in vlvo o 

(d) ^e increase in potential voltme for cell 
gro^^th in the three-^dimensional system aay allot? the 
establishment of localised Microenvironsients conducive 
to cellular siaturationo 

(e) The three-diiaensional matrix maseimises cell« 
cell interactions by allowing greater potential for 
movement of migratory cells ^ such as macrophages, 
monocytes and possibly lymphocytes in the adherent 
layer o 

(f ) It has been recognised that maintenance of a 
differentiated cellular phenotype requires not only 
growth/differentiation factors but also the 
appropriate cellular interactions o The present 
invention effectively recreates the tissue 
microenvir onment « 

The three-dimensional stromal support, the 
culture system itself, and its maintenance, as well as 
various uses of the three-dimensional cultures are 
described in greater detail in the subsections belowo 

The three-dimensional chondrocyte cultures can be 
si&bjected to intermittent pressurisation by creating 
elevated compressive forces through the plastic bag in 
^ich the cultures are housed by merely pinching or 
clamping the outlet valve o The chondrocytes respond 
to the ambient pressure at the level of cell division ^ 
There is an increase in the level of proteoglycans 
which accompanies increases in DHA synthesis o 

The three-dimensional cartilage cultii^es of the 
invention are maintained in a bioreactor, a special 
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device for creating interaittenfe anfi periodic 
pre©stiris®t:i©n aiadl ehoadroeyfees are g)rovid©ca sbj 
adequate supply of n^ferienlts by eoBtvectioao 
Hsiafesiining an adequate supply of siutrieBt® to 
ch€)X^dr©eyte cells throughout a replacesseEit cartilage 
tissue constnact of approximately 2^Smm thiclmess is 
e^tre^ly isaportant as the apparent deswity of t£ae 
construct Increases « ^e bioreactors may is^clmde a 
nuraber of designs including ^ but not limited to, the 
^pistons-style, ™ bard plastic bioreactor; bellow? 
soft plastic bag ifith ^"pressure plate"? and soft 
plastic bag with ""roller pins'™ o 

So3>o s@tm&lis^@^^ ©f S^e^^i^a^siosaal 
stroiagil ■ 

The three-^dimensional framework may be of any 

material and/or shape thats (a) allows cells to attach 

to it {or can be modified to allow cells to attach to 

it) s and (b) allows cells to grow in more than one 

layer o A number of different materials may be used to 

form the matrix , including but not limited tos nylon 

(polyamides) , dacron (polyesters) , polystyrene^ 

polypropylene polyacrylates, polyvinyl compoxmds 

■ • : - f e^g. , polyvinylchloride) ^ polycarbonate (PVC) , 

polytetrafluorethylene (PTFE, teflon)^ thermamois 

(TPS) 0 nitrocellulose cotton ^ polyglycolic acid 

CP(S&) 0 collagen Ci^^ ^® form of sponges^ braids ^ or 

woven threads, ©tCoK cat gut sutures cellulose^ 

gelatiB^r or other naturally occurring biodegradable 

materials or synthetic materials^ incliadingfi. for - 

e^gampl©^ a variety of polyhydrosgyalkanoates » Any of 

these materials may be woven into a mesh^ for example^ 

to form the three-dimensional framework or scaffold « 

Certain materials, such as nylon p polystyrene , etCo 

£^e poor substrates for cellular attachment » f9hen 

these materials are used as the three«^imensional 

framework it is advisable to pre-treat the matrix 
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prior to inoculation of stromal cells in orfier to 
enhance the attachment of stroxnal cells to the matri^o 
For e^as^le^ prior to inoculation ^ith stromal cells, 
nylon matrices could be treated t^ith Ool 15 acetic acid 
and incubated in polylysine, PBS, and/or collagen to 
coat the nylon o Polystyrene could be similarly 
treated using sulfuric aeido f9here the cultures are 
to be maintained for long periods of time or 
cryopreserved, non<^egradable materials such as nylon, 
dacron, polystyrene, polyaerylates, polyvinyls, 
teflons, cotton , etc., may be preferred. A convenient 
nylon mesh vhich could be used in accordemce %^ith the 
invention is Mites, a nylon filtration mesh having an 
average pore size of 210 f^m and an average nylon fiber 
diameter of 90 /Lim (#3=210/36 Tetko, Inco, NoYo)o 

mere the three-dimensional culture is itself to 
be implanted in vivo , it may be pref eraible to use 
biodegradable matrices such as polyglycolic acid, 
catgut suture material, collagen, or gelatin, for 
eacaSaplec The polyglycolic acid is commonly sterilised 
in prepe^ation for long--term vitjco , with ethylene 
03tide or by irradiating with an electron beamo 
imfortunately, both these procedures have deleterious 
effects on the cells growing on the three-dimensional 
cultxure matrices « For example, ethylene oacide is 
toKic to the cells in culture and therefore, electron 
beam treatment is preferred o However, treatment with 
the electron beam results in cells falling off the 
framework before depositing adequate extracellular 
aatri2Sp ^e addition off TGP'-iS to the cultured cells 
overcomes this problem q 

Stromal cells comprising chondrocytes 
chondrocyte-progenitors, fibroblasts or fibroblast- 
like cells, with or without other stromal cells and 
elements described below, are inoculated onto the 
frameworko Growth factors, such as T6F«^ may be added 
to the culture prior to, during or subsequent to 
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Inocuil&tion of stsroaal cells. The concentration 
of aaimtained in tte© culttares can be aonitoz-ed 

and ©«a justed to optiiaise gro%Jth. Alternatively, host 
oelle that are genetically engineered to easpress and 
produce T6F=^ say be included in the inoculum! such 
cells csan include genetically engineered stromal 
©ellso These cells ^rnuld serve as a source of T6F-ff 
©r other protein factor (s) in the culture o 
Preferably, the gene or coding sequence for TGF-^ 
would be placed under , the control of a regulated 
l>roo»ot®r, so that production of T6F=/S in culture can 
be eontrolledc The genetically engineered cells will 
be seraened to select those cell types g 1) that bring 
about the amelioration of symptoms of rheumatoid 
disease or inflammatory reactions in yivo> and 2) 
escape immunological surveillance and rejection c 

Stromal cells such as chondrocytes may be derived 
from articular cartilage, costal cartilage, etCo which 
can b© obtained by biopsy (where appropriate) or upon 
autopsy o Fibroblasts can be obtained in quantity 
rather conveniently from foreslfein or, alternatively, 
any appropriate cadaver organ. Fetal cells, including 
fibroblast=lilce cells, chondrocyte=progenitors, may be 
obtained from umbilical cord or placenta tissue or 
umbilical cord bloodo Sucsh fetal stromal cells can be 
nased to prepare a >»gensric™ stromal or cartilaginous 
. tissue o ' However p a ""specific" stromal tissue may be 
prepared by inoculating the three-dimensional matrix 
with fibroblasts derived a particular individual %^o 
Is later to receive the cells and/or tissues grown in 
cultur® in accordance with the three-dimensional 
system of the invention. 

Fibroblasts may be readily isolated by 
disaggregating ah appropriate organ or tissue which is 
to serve as the source of the fibroblasts. This may 
be readily accomplished using teehniigues known to 
those sisilled in the art. For exas^le, the tissue or 



« 21 - 



W09S/33821I 



organ can be dieaggraga'ked mechanically a^d/or 'brea^bed 

^itJi digestive ensymes and/ or chelating agents that 

Heaken the connections bet%?een neighboring cells 

Slaking it possible to disperse the tissue into a 

suspension of individual cells t;fithout appreciable 

cell breakage o Enzymatic dissociation can be r 

accos^Iished by mincing the tissue and treating the 

minced tissue t^ith any of a nus&er of digestive 

enzymes either alone or in combination. These include 

but are not limited to trypsin, chymotrypsin, 

collagenase, elastase, and/or hyaluronidase, Dnase, 

p^osmB&ff etCo Mechanical disruption can also be 

accos^lished by a nusiber of methods including, but not 

limited to the use of grinders, blenders, sieves, 

homogenizers^ pressure cells, or sonicators to name 

but a fe^o For a review of tissue disaggregation 

techniques, see Freshney, Culture of &nimal Cells o A 

Hanual of Basic Technique, 2d Sdo, AoRo Lies, XnCo, 

Me^y York, 1987/ Cho 9, ppo 107=126 « 

Fibroblast-^like cells may also be isolated from 
human umbilical cords (33»44 weeks) » Fresh tissues 
may be minced into pieces and washed with medium or 
snap^frosen in liquid nitrogen until further usso The 
umbilical tissues may be disaggregated as described 
above o 

Once the tissue has been reduced to a suspension 
of individual cells, the suspension can be 
fractionated into subpopulations from %^ich the 
fibroblasts and/or other stromal cells and/or elements 
can be obtained p "ShlB also may be accomplished using 
standard techniques for cell separation including but 
not limited to cloning and selection of specific cell 
types, selective destruction of unwanted cells 
(negative selection) ^ separation based upon 
differential cell agglut inability in the minced 
population, freese-thaw procedrures, differential 
adherence properties of the cells in the misced 
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populalilora, filtaraition, conventional asid sonal 
ceatrif ligation, centrifugal eliitriation (eomiter- 
streaming centrifugation) ^ unit gravity separation, 
counter current distribution, ©lectrophoregis and 
gluorescence=activated eell sortingo For a review o£ 
clo^l selection and cell separation teelani^es, see 
Fresimey, ©salture of AniEaal cells o A EJanual of Basic 
TeeSmigues, 2d Ed<, , h.'Ro U-ss, InCo , Mew ¥©rk, 1S87, 
Ch= 11 and 12, pp. .13?°lS8o 

•TSie isolation of chondrocytes, chondrocyte^ 
progenitors, fibroblasts or f ibroblast-like cells may, 
for example, be carried out as follows s fresh tissue 
saaiples' are thoroughly meshed and minced in Hanks 
balanced salt solution (BBSS) in order to remove 
serum. The minced tissue is incubated from 1=12 hours 
in a freshly prepared solution of a dissociating 
ensyme such as trypsin- After su«*i incubation, the 
dissociated cells are suspended, pelleted by 
centrifugation and plated onto culture dishes* All 
fibroblasts will attach before other cells, therefore, 
appropriate stromal cells can be selectively isolated 
and growno "3Phe isolated stromal cell's can then foe 
grown to conf luemey, lifted from the confluent culture 
and inoculated onto the three-dimensional support 
(see, Naughton e£_al^, 1987, J. BSed. 18 (3fi4) S219-250) . 
Inoculation of the three-dimensional aatrise with a 
high concentration of stromal cells, g^gp.g 
approximately 10* to 5 x lo' cells/ml, will result in 
the establishment of the three-dimensional stromal 
sv^ort in shorter periods of time. 

In addition to chondrocytes, chondrocyte- 
progenitors, fibroblasts or f ibroblast-lik® cells, 
other cells may be added to form the three-dimensional 
stromal tissue required to support long term growth din . 
culture o For esea^siple, other cells found in loose 
connective tissue may be inoculated onto the three- 
dimensional support along with chondrocytes or 
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£ibroblas^So such cells include btxt are not limilied 
to endothelial cells ^ pericytes^ xaacr ophages ^ 
monocytes^ plasraa cells ^ aast cells, adipocytes^ etCo 
"Shese stromal cells may readily be derived £ro® 
spp2?opriate organs including umbilical cord or 
placesata or umbilical cord blood using aethods laiOOTi 
in the art such as those discussed above » 

Again, inhere the cultured cells are to be used 
for transplantation or isQ)lantation In vivo it is 
preferable to obtain the strmoal cells from the 
patient's own tissues <> The growth of cells on the 
three»disiensional .support msiy be further enhanced by 
adding to the fraxiework or coating the framework with 
proteins ( &.a. . collagens, elastic fibers, reticular 
fibers) glycoproteins, glycosaminoglycans (e^^. 
heparin sulfate, chondroitin=4 -sulfate, chondroitin«S« 
sulfate, deraatan sulfate^ I^eratin sulfate, etCo), a 
cellular matrix, and/or other materials a 

After inoculation of the stromal cells, the 
three-dimensional matriss should be incubated in an 
appropriate nutrient meditm. Many commercially 
available media such as DMEM, SPMI 1640 a Fisher »s 
Xscove^s, McCoy ^6, and the like may be suitable for 
usee Xt is important that the three«»dimensiona.l 
stromal matrix be suspended or floated in the medium 
during the incubation period in order to maximise 
proliferative activityo In addition, the culture 
should be °^f ed« periodically to remove the spent 
media ^ depopulate released cells, and add fresh media a 
The concentration of TG^^P may be adjusted during 
these steps o In chondrocyte cultures, proline^ a n@n=* 
essential amino acid and ascorbate are also included 
in the cultures o 

These procedures are greatly facilitated when 
carried out using a bioreactor, which is a closed 
system housing the three-dimensional framework 
inoculated with stromal cells » h bioreacstor reduces 
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the possibiliity of eoafcasainatien^ ^intiains itBie 
cult:tar(as imder inte2fmit:-tenfe and periodic 
pr@©@t2ri2ation to create enviromaental conditions thai: 
maintain an adequate supply of nutrient© to 
chondrocyte cells throuighout the cartilage tissue 
construct by convection « 

Busring the incubation period ^, the stroaal cells 
will groH linearly along and envelop and colonise the 
three'^-diaensional aafcris before beginning to groH into 
the openings of fehe aatriSo It is isoportant to grofe? 
the cells to an appropriate degree which reflects the 
amount of stromal cells present in the jji vivo tissue 
prior to inoculation of the stromal tissue ^ith the 
tissue-specific cells. 

The openings of the f rametifork should be of an 
appropriate sise to allo^ the stromal cells to stretch 
across the openings » Maintaining actively growing 
stromal cells which stretch across the framework 
enhainces the production of growth factors which are 
elaborated by the stromal cells ^ smd hence will 
support long term cultures o For exaiople, if the 
openings are too small ^ the stromal cells may rapidly 
achieve confluence but be unable to easily escit from 
the mesh? trapped cells may eaehibit contact inhibition 
and cease production of the appropriate factors 
necessary to support proliferation and maintain long 
term cultures o If the openings are too large ^ the 
stromal cells may be unable to stretch across the 
opening? this will also decrease strcmal cell 
production of the appropriate factors necessary to 
support proliferation and maintain long term cultures o 
men using a mesh type of matrix, as exemplified 
herein we have found that openings ranging from abut 
ISO j£m to about 220 fm will work satisfaetoryo 
However, depending upon the three-^dimensional 
structure and intricacy of the framework, other sizes 
may work equally well- In fact, any shape or 
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6truct:ure tiiat: allow tiie stiroinal cells txy s'bre^ch end 
continue to replicate and grow for lengthy time 
periods will work in accordance with the invention. 

Different proportions of the various types of 
collagen deposited on the framework can affect the 
growth of later inoculated tissue-specific parenchymal 
cells. For three**dinensional skin culture systems, 
collagen types I and III are preferably deposited in 
the Initial matrix. The proportions of collagen types 
deposited can be manipulated or enhanced by selecting 
fibroblasts which elaborate the appropriate collagen 
type. Vh±s can be accomplished using monoclonal 
antibodies of an appropriate isotypes or subclass that 
is capable of activating complement, and which define 
particular collagen type. These antibodies ajid 
complement can be used to negatively select the 
fibroblasts which express the desired collagen type. 
Alternatively, the stroma used to inoculate the matrix 
can be a mixture of cells which synthesize the 
appropriate collagen types desired. The distribution 
and origins of the five types of collagen is shown in 
Table I. 



TABLE Z 



DISTRIBUTIONS AHD ORIGINS OF 
T^Tg FTVB TYPES OF nnTTAniM 



Collagen Principal 

Tissue Distiribution 

connective -tissue; 
collagen fibers 

Fibrocartilage 

Bone 

Dentin 

II Hyaline and elastic 

cariiilage 

Vitreous body of eye 

III Loose connective tissue; 
reticuleur fibers 

Papilleury layer of 
derzais 

Blood vessels 



IV Basement membremes 

Lens capsule of eye 

V Fetal menbranes; 
placenta 

Basement membranes 
Bone 

Smooth muscle 



Cells of Origin 

reticular cells; 
smooth muscle 
cells 



Osteoblast 

Odontoblasts 

Chondrocytes 

Retinal cells 

Fibroblasts and 
reticular cells 



Smooth muscle 
cells; 
endothelial 
cells 

Epithelial and 

endothelial 

cells 

Lens fibers 
Fibroblast 



Smooth muscle 
cells 



Thus, depending upon the tissue to be cultured and the 
collagen types desired, the appropriate stromal 
cell(s) may be selected to inoculate the three- 
dimensional matrix. For example, for the growth and 
preparation of 'cartilage, chondrocytes, chondrocyte- 



27 - 



pTcog&shltaz&ff ^ibroblas'bs or £lbrobl&@1i^li2cQ cells 
should be usedc 

During incubation of the 'fehree-^disiensional 
stroaal support^, proliferating cells xaay be released 
fro® the Matrix o These released cells may sticJc to 
the '?:yalls of the culture v'essel where they may 
continue to proliferate and form a confluent 
monolayer o This should be prevented or ainiaised, for 
easas^le, by removal of the released cells during 
feeding^ or by transferring the three-dimensional 
stromal matrix to a new culture vessel o Xhe presence 
of a confluent monolayer in the vessel ^ill ^shmt 
do^^ the growth of cells in the three»dimensional 
matri^e and/or culture q Removal of the confluent 
monolayer or transfer of the matrix to fresh media in 
a new vessel will restore proliferative activity of 
the three-dimensional culture system o Such removal or 
transfers should be done in any culture vessel which 
has a stromal monolayer exceeding 25% confluencyo 
Alternatively^ the cultixre system could be agitated to 
prevent the released cells from sticlcing^ or instead 
of periodically feeding the cultizres^^ the culture 
system could be set up so that fresh media 
continuously flows through the system by convection » 
The flow rate could be adjusted to both maximise 
proliferation within the three»dimensional culture, 
and to wash out and remove cells released from the 
matrix, so that they will not stick to the walls of 
the vessel and grow to confluence o Xn any case, the 
released stromal cells can be collected and 
cryopreserved for future useo 

gogo Baes @g ta® gl5ir@@°Pig ^^g^Q^(Qsa ^l @altiag<s ^v^tesi 
The three-'dimensional cultixre system of the 
invention can be used in a variety of applications « 
These include Eaut are not limited to transplantation 
or implantation of either the cultured cells obtained 
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txaa the matrix, or th® cultured matrix itself in 
vivo s screeEiing the effectiveness and cjftotoxicity of 
Goa^aaxt&Bo allergens, growth/regulatery factors, 
pharaaceutieal eompouaes, etSo^ in HifeSSI elucidating 
the mechanism of certain diseases; studying the 
meehsnism hy which drugs and/or grcjwth factors 
operate diagnosing and m©nit02"ing eameer in a 
patient; gene therapy? and the production of 
biologically active products, to name but a few. 

SoSoa.o ggaasela^ fentiea Vive 
^e biological replacement cartilage tissue 
constructs i^oduced in the three-dimensional culture 
system of the invention can be used to replace or 
augment existing cartilage tissue « to introduce new or 
altered tissue, to modify artificial prostheses, or to 
join biological tissues or structures » For exas^le, 
and not by way of limitation, specific embodiments of 
the invention ^uld include i) hip prostheses coated 
with replacement cartilage tissue constructs grown in 
three-dimensional cultures; ii) knee reconstruction 
with cartilage tissue constructs; and iii) prostheses 
of other joints requiring reconstruction and/or 
replacement of articular cartilage. 

^e evaluation of internal derangements of 
articular cartilage In several articulations, 
.including the knee, hip, elbow, asskle and the 
glenOhumeral joint, has been made possible by 
arthroseopio tedhnicauesa Arthroscopic surgery has 
become increasingly popular as well as successful, 
SLaSji-e nmussoMs small cutting tools, 3 to 4mm in 
diameter can be vised in the knee. Triangulation, in 
which the operating instruments are brought into the 
visual field provided by the arthrosc^e, .requires 
multiple portals of entry; alternatively, the cutting 
tools can be passed through a channel in the 
arthroseope itself in which case only one opening, in 
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the joint is neceesary (Jackson, R.W. , 1983, J. Bone 
Joint Sxirg. [AM] 65 s 416. Selective removal of the 
injured or deteriorated portion with arthroscsoplc 
surgery, followed by cartilage grafting can be 
eaployed successfully, cartilage tissue constructs 
can also be ea^loyed in major reconstructive surgery 
for different types of joints. Detailed procedures 
bave been described in Resniek, D. , and Niwayaiaa, 6,, 
edSo, 1988; Dtacmosifi Qg Bon e and Jotnfc Disordags. 2d 
ed. , W.B> Sanders Co. 

Three-dimensional tissue culture ia^lants nay, 
according to the inventions, be used to replace or 
augment existing tissue^ to introduce new or altered 
tissue, or to join together biological tissues or 
structures . 

SoSoSo Seseealssg iggeetiveaess ana 

e?gfcetesieitv Qg ceaseunas Sat 'yitg® 

The three<°dimensional cultures may be used iji 
vitro to screen a wide veuriety of compounds, for 
effectiveness and cytotoxicity of pharmaceutical 
agents, growth/regulatory factors, anti-inflammatory 
agents, etc. To this end, the cultures are maintained 

aitro and exposed to the compound to be tested. 
The activity of a cytotoxic compound can be measured 
by its ability to damage or kill cells in culture. 
This may readily be assessed by vital staining 
techniques. The effect of growth/regulatory factors 
may be assessed by analysing the cellular content of 
the matrix, s^Sa.? S>y total cell counts, and 
differential cell coimts. This may be accomplished 
using stemdard cytological and/or histological 
techniques including the use of immunocytochemical 
techniques employing antibodies that define type- 
specific cellular antigens. The effect of various 
drugs on normal cells cultured in the three- 
dimensional system may be assessed. 
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The «jree=»diiBanBional cultures ot the invsation 
saay be used as nodel systems for the study of 
physiologic or pathologic conditions » For estasple, 
joijfflts that asfs isasaobilised suffer relatively guicJay 
im a number of respects. The laetabolic activity of 
chondrocytes appears affected, as loss of 
proteoglycans and an increase in water content are 
soon observed, She normal %Jhite, glistening 
appearance of the cartilage changes to a dull, bluish 
color, and the cartilage thickness is reduced. 
However, how much of this process is due to 
nutritional deficiency and how auch is due to upset in 
the stress-dependent saetabolic homeostasis is not yet 
clear. The three-dimensional chondrocyte culture 
system may be used to determine the nutritional 
re«3uirements of cartilage under different physical 
conditions, Safl., intermittent pressuriaation and by 
pumping action of nutrient medium into and out of the 
cartilage construct. TSila may be especially useful in 
studying underlying causes for age-related, or injury- 
related decrease in tensile strength of articular 
cartilage, , in the Imee, that predisposes the 

weakened cartilage to traumatic damage » 

According to the present invention, the three- 
dimensional chondrocyte cultures may also be used to 
study the mechanism of action of cytokines and other 
pro-inflammatory mediators released in rheumatic 
disease in the synovial fluid, £*flo, Hi-I, TKF and 
prostaglandins o The patient's own joint fluid eould 
be used Aa si&CS fe© study the effect of these 
eos^ounds on chondrocyte grotsth and to screen 
cytotoseic and/ or pharmaceutical agents that are most 
efficacious for a particular patient? i^e. , those that 
prevent resorption of cartilage and enhance the 
balanced growth of articular cartilage. Those agents 
eould then be used to therapeutically treat the 
patient. 



- 31 - 



Bo2oSo (Sgtaefej-gQ ^S.^ Sjagisaeegofl ©agfeila^ 
The three«=dimensioiaal cultiare syst^sm of the 
invention may afford a vehicle for introducing genes 
and gene prodiacts in vivo to assist or ijaprove tSue 
results of the transplantation and/ or for use in gene 
therapies o For example the stromal cells can be 
genetically engineered to egress aati«inf lasiaiatory 
gene products to reduce the risk of f ailnare or 
degenerative changes in the cartilage due to 
rheunatoid disease of inflammatory reactions « In this 
regard^ the stromal cells can be genetically 
engineered to e3epress anti«inf lammatory gene products, 
for example, peptides or polypeptides corresponding to 
the idiotype of neutralizing antibodies for 
granulocyte-macrophage colony stimulating factor (®«*- 
CSF), TWF, IL-1/ IL«2, OT other inflammatory 
cytokines o 11-1 has been sho^ to decrease the 
synthesis of proteoglycans and collagens type II , IX 
and XI (Tyler et alo . 1985, Biochem. Jo 227s8S9-878? 
Tyler et alo . 1988, Coll. Relate ReSa 82s 393-405; 
Goldring et alo_ . 1988, Jo Clino Investo 82g2026--2037? 
and IL^febvre et alo ^ 1990, Biophys. Actao 1052g36S«* 
372 o TMF also inhibits synthesis of proteoglycans and 
type S2 collagen although it is much less potent them 
IL-l (Yaron, lo , et alo_ . 1989, Arthritis Rhexm* 
32sl73»180; Xkebe, To^ gt alo „ 1988, Jo Immimolo 
140g827«831j and Saklatvala, Jo, 1986, Nattare 322s547- 
549 o 

Preferably, the cells are engineered to egress 
sudh gene products transiently and/or ^mder inducible 
control during the post°©perative recovery period, or 
as a chimeric fusion protein anchored to the stromal 
cells, for example, a chimeric molecule co^osed of an 
intracelluleur and/or transmexabrane domain of a 
receptor or receptor-like molecule, fused to the gene 
product as the esrtracellular domain* In another 
embodiment, the stromal cells could be genetically 
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en^inee^ed -fco egress a geiae for which & pa-feient is 
deficient, or which would exert & therapeutic effect, 
S^S^r TGF-fi to stimulate cartilage production, etc, 
•Ehe genes of interest engineered into the stromal 
cells need to be related to rheumatoid or joint 
disease <> 

She stroiaBl cells can be engineered using a 
recosibinant 0m construct containing the gene used to 
transform or transf ect a host cell %^ich is cloned and 
then clonally e^anded in the three-dimensional 
culture system. The three=diaensional culture which 
eaepresses the active gene product, could be implanted 
into an individual who is deficient for that product » 
For escample, genes that prevent or ameliorate symptoms 
of various types of rheumatoid or joint diseases may 
be underexpressed or down regulated under disease 
conditions. Specif ically, expression of genes 
involved in preventing inflammatory reactions in 
rheumatoid or joint diseases may be down=regulated. 
Alternatively, the acstivity of gene producsts may be 
diminished, leading to the manifestations of some or 
all ©f the above pathological conditions and eventual 
caevelepment of sys^toms of rheumatoid or joint 
diseases. Thus^ the level of gene activity may be 
incree^ed by either increasing the level of gene 
product present or increasing the level of the 
active gene product which is present in the three= 
dimensional culture system. The three-dimensional 
culture which expresses the active target gene product 
can then be is^lanted into the rheumatoid or joint 
disease patient who is deficient for that product. 
"Target gene," as used herein, refers to a gene 
involved in rheumatoid or joint diseases in a manner 
by which modulation of the level of target gene 
expression or of target gene product activity may act 
to ameliorate symptoms of rheumatoid or joint diseases 
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by pg'evesating z-esorpfeiosrx oS cartilage and production 
of iaf lasmatory sefiiators by choadroeyfceso 

Ftarther,, patients say be treated by ge^e 
replacement therapy during the post-recovery period 
after cartilage transplantation^ Replacement 
cartilage tissue constructs or sheets siay be designed 
specifically to meet the requirements of an individual 
patient, for example ^ the stromal cells may be 
genetically engineered to regulate one or more genes; 
or the regulation of gene es^ression may be transient 
or long-term? or the gene activity may be non- 
inducible or inducible c For example, one or more 
copies of a normal target gene^ or a portion of the 
gene that directs the production of a normal target 
gene protein product with target gene fiinction^ may be 
inserted into human cells that populate the three- 
dimensional constructs using either non= inducible 
vectors including, but are not limited to, adenovirus, 
adeno=-associated virus, and retrovirus vectors, or 
inducible promoters, including metallothionien, or 
heat shock protein, in addition to other particles 
that introduce WSA into cells, such as liposomes or 
direct mSA injection or in gold particles o For 
example, the gene encoding the human complement 
regulatory protein, ^hich prevents rejection of the 
graft by the host, may be inserted into human 
fibroblasts- McCurry at al. . 1995, Mature Medicine 
is 423-427 c 

_ i^j^e three-dimensional cult\ires containing such 
genetically engineered stromal cells, s^Mjuo either 
misstures of stromal cells each esfpressing a different 
desired gene product, or a stromal cell engineered to 
express several specific genes aire then implanted into 
the patient to allow for the amelioration of the 
syx^toms of rheumatoid or joint disease. Mie gene 
expression may be under the control of a non^inducible 
f i.eo . constitutive) or inducible promoter o The level 
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off gene egression and "fche type of gene regtsalafeed can 
be controlled depending upon the treataent aodality 
being followed for an individual patient. 

The use of the tSiree^niimensional culture in gene 
tJjerapy has a number of advantages = Firstly, since 
the culture coaprises eukeiryotic cells, the gene 
product will b© properly e^ressed and processed im 
culture to fora an active product. Secondly, gene 
therapy techniques are useful only if the nuiober of 
trarasfected cells can be substantially enhanced to be 
off clinical value, relevance, and utility; the three- 
diaensional cultures of the invention alloff for 
expansion of the number off transfected cells and 
ai^plification (via cell division) of transfected 
cells. 

A variety of xiethods may be used to obtain the 
constitutive or transient escpression of gene products 
engineered into the strc^l. cells. For exas^le, the 
translearyotic implantation technique described ^ 
Seldon et al, , 1987, Science 236s 714=7 18 can be used, 
"Translcaryotie'''' , as used herein, suggests that the 
nuclei of the iaplanted cells have been altered by the 
addition of DMA sequences by stable or transient 
transfection. The cells can be engineered using any 
of the variety of vectors including, but not limited 
to, integrating viral vectors, e.g. . retrovirus vector 
or adeno-associated viral vectors, or non-integrating 
replicating vectors, e.g. . papilloma virus vectors, 
SV40 vectors, adenoviral vectors? or replication- 
defective viral vector©. ?Jhere transient expression 
is desired, nMS-iategrating vectors and r«^lieation 
defective vectors may be preferred, since either 
inducible or constitutive promoters can be used in 
these systems to control expression of the gene of 
interest. Alternatively, integrating vectors can be 
used to obtain transient expression, provided the gen© 
of interest is controlled by an inducible pr«aoter. 
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Preferably i> -She expression control elemeirats used 
should allow for fehe regulated expression of ttoe gea© 
so that the product is synthesized only Hhen needed 
vivo o The promoter chosen ^ould depend <r ia part uposa 
the type of tissue and cells cultured o Cells and 
tissues ^hich are capsible of secreting proteisiLS ( eoO^o n 
those characterized by abundant rough endoplasmic 
retictalUBi^ and golgi cosaplex) are preferable. Hosts 
cells can be transformed %;7ith 9HA controlled by 
appropriate e^qpression control elements ( eog^ , 
promoter^ enhancer, sequences, transcription 
terminators, polyadenylation sites, etc») and a 
selectable marlcero ?olloT^ing the introduction of the 
foreign DMA, engineered cells may be allowed to grow 
in an enriched media, and then are switched to a 
selective mediae The selecteible marker in the 
recombinant plasmid confers resistance to the 
selection and allows cells to stably integrate the 
plasmid into their chromosomes and grow to form feci 
which, in tiArn, can be cloned and escpanded into cell 
lines o This method can advantageously be used to 
engineer cell lines which express the gene protein 
product o 

Any promoter may be used to drive the e^^ression 
of the inserted gene. For esrample, viral promoters 
include but are not limited to the GSSV 

promoter/ enhancer, SV 40, papillomavirus, Epstein»3arr 
virus, elastin gene promoter and /3-globin. Zf 
transient eiepression is desired, such constitutive 
promoters are preferably used in a non°integrating 
and/or replication=defective vectorp Alternatively, 
inducible promoters could be used to drive the 
escpression of the inserted gene when necessary o For 
example, inducible promoters include, but are not 
limited to, metallothionien and heat shock protein o 

Examples of transcriptional control regions that 
eashibit tissue specificity ^hich have been described 
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and csould be used, include but are not. limited tos 
elastaee I gene control region which is active in 
pancreatic acinar cells (Swit et ^l-n 1984, Cell 
38s«39=646? Omits at alo „ 1986, Cold Spring Harbor 
Syspo Quant. Biolo SOsSSS^^aosi MacDonald, 1987, 
Hepatology 7^42 5=53.3)? insulin gene control region 
which is active in panereatio beta cells (HanaS&an, 

1985, Slature 3158115-122)? isaaiunoglobulin gene control 
region wJiich is active in lysaphoid cells (Grosschedl 
et al, . 1984, Cell 3S8 647-658 S Adams si_al^, 1985, 
Nature 318s 533=538? Alexander et al,. 1987, Mol. Cell. 
Biol. 781436-1444)^ myelin baisic protein gene control 
region %rtiich is active in oligodendrocyte cells in the 
brain (Readhead et al, . 1987, Cell 48s 703-712); myosin 
light chain-2 gene control region which is active in 
skeletal muscle (Shani, 1985, Katixre 314 i 283-286) i and 
gonadotropic releasing hormone gene control region 
which is active in the hypothalamus (GSason Qt al . . 

1986, Science 234 § 1372=1378) , 

Once genetically engineered cells are implanted 
into an individual, the presence of the anti- 
inflamaatory gene products, for example, peptides or 
polypeptides corresponding to the idiotype of 
neutralising antibodies for OM-CSF, TSIF, Ii«l, IL-2, 
or other inflammatory cytokines, can bring about 
amelioration of the inflammatory reactions associated 
with rheumatoid or joint disease « XI.-1 is a potent 
stimulator or cartilage resorption and of the 
production of inf leaamatory mediators by chondrocytes 
CGa^bell et al. « 1991, So Xmmumo 147 81238=1246) » 

She stromal cells used in the three-dimensional 
culture system of the invention may be genetically 
engineered to ""knock out™ expression of factors that 
promote inflammation or rejection at the implant site* 
Hegative modulatory techniques for the reduction of 
target gene expression levels or target gene product 
activity levels are discussed below. "Negative 
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modulation^ as n&B& herainf^ refesrs -to a reduction tn 
the level and/ or activity oS target gesie product 
relative to the level and/or activity of the target 
gene product In the absence of the modulatory 
treatment o The egression of a gene loiative to stromal 
cell can be reduced or ImocKed out using a number of 
tedhniguee, for e^cample, escpression may be inhibited 
by inactivating the gene completely (commonly termed 
("knockout*^) using the homologous recombination 
technique « Usually^ an eseon encoding an iaqportant 
region of the protein (or an exon 5° to that region) 
is interrupted by a positive selectable marker (for 
e^aiqple aeo) , preventing the production of normal mKHA 
from the target gene auid resulting in inactivation of 
the geneo A gene may also be inactivated by creating 
a deletion in part of a gene^, or by deleting the 
entire geneo By using a construct ^ith two regions of 
homology to the target gene that are far apart in the 
genome p the secguences intervening the two regions can 
be 'deleted o Mombaerts et aL, . 1991, Proco Mato Acado 
Scio OoSoAo 

^tisense and ribozyme molecules t^hich inhibit 
egression of the target gene can also be used in 
accordance with the invention to reduce the level of 
target gene activity. For example, antisense SNA 
molecules which inhibit the e^epression of major 
histocCTipatibility gene coo^le^es (KL&) shown to be 
most versatile with respect to immune responses o 
Still further, triple helisg molecules can be utilised 
in reducing the level of target gene activity o ^ese 
te^miq[ues are described in detail by £fo@o Davis ^t 
flifei? <^Sff Basic Methods^n Molecular Biolocgy . 2nd edo , 
Appleton & Iiange, Norwalk, Comio 1994 » 

Using any of the foregoing techniques^ the 
egression of IL^-l can be knocked out in the 
chondrocytes to reduce the risk of resorption of 
cartilage and production of inflammatory mediators by 
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the ehondrocsjrtes. Likewise, the estpression of MHC 
class 3CI moleeuales ean be knocked out in order to 
reduce tJie risk o£ rejection of the graft. 

In yet another embodiment of the invention, the 
tfeiree-diaensional cultixre system could be used ija 
vitro, t© produce biological products in high yield. 
Fer ©aeasaple, a e®ll whi^ naturally produces large 
quantities of a particular biological product ( ffi^t , a 
growth factor, regulatory factor, peptide horaohe, 
antibody, atCo), or a host cell genetically engineered 
to produce a foreign gene product, could be clonally 
esepanded using the three-dimensional culture system In 
■gltre . If the transformed cell excretes the gene 
product into the nutrient medium, the product say be 
readily isolated from the spent or conditioned medium 
using standard separation techniques (epg. , HPLC, 
column chromatography, electrophoretic techniques, to 
name but a f e^J » A wbioreactor™ has been devised 
which takes advantage of the flow method for feeding 
the" three-dimensional cultures in vitro. Essentially, 
as fresh media is passed through the three-dimensional 
culture^ the gene product is washed out of the culture 
along with the cells released from the culture. The 
gene product is isolated (e.g. . by HPLC column 
^iromatography, electrophoresis, etc.) from the 
outflow of spent or conditioned media. The bioreactor 
system is specially designed to allow for 
pressurization of the chamber diuring growth of the 
e&rtilage tissue and supply nutrients to stromal cells 
^ convection o 

™.^gtms s^s^BH 

!iaie three-dimensional culture of the present 
invention provides for the replication and 
colonisation of chondrocytes ia Ytea* in » system 
ooaqparable to physiologic conditions. lijq?ortanfely. 
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the chendrocsyte cells replicated in tJiis system 
include all of the cells present in normal cartilage 
tissue, assuming all cell types were present in the 
original chondrocyte inoculum used to initiate the 
cultures 0 Cartilage implants can be of one or more 
types of cartilage ^ depending primarily on the 
location of the ia^lant and the type of cartilage 
cells seeded onto the polymeric matrise. The following 
examples describes (i) a method of growing rabbit 
chondrocytes seeded on a biodegradable polyglyeolic 
acid matrix sterilized by ethylene oxide or electron 
beam with or without T6F-i5? (ii) a method of growing 
bovine chondrocytes on a polyglyeolic acid matrix in a 
culture containing TGF-jS with or without ascorbate; 
and iii) a method of growing rabbit chondrocytes on a 
polyglyeolic acid matrix placed in a bioreactor* 
Specific conditions used are described below« 

©oil. saafcerigil mad Metlbioas 
g^Soio GgQ^h ^aetors - 
Recoxabinant TGF-'iSj prepared according to Gentry gt 
al. . 1987, Molo Cello Biol. 7s3418»3427, was used at 
the concentration of 20ng/mlo Recombinant human beta 
fibroblast growth factor (j9F6F) ^ Pepro Tecsha^ InOo, 
Rocky Hill, Mo Jo , was used at the concentration of 
lOffl^/mlo Ascorbic acid or ascorbate was used at the 
concentration of SOf^g/mlo 

So&oSo cell® 
Cartilage was harvested from articular surfaces 
of healthy mature (2-3 years old) cows or Hew Zealand 
white rabbits {^-8 months old) « The cartilage pieces 
were digested with collagenase (0o2% weight/ volime) in 
cei^lete media DMEM containing 10% fetal bovine 
serum, 2mW L-glutamine, non-essential eustino acids, 
50mg/ml proline, ImM sodixm pyruvate and 35 fiq/ml 
gentamicin for 20 hro at 37^C. Liberated chondrocytes 
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wer« spun, restispenfied in coiaplefee mediiasB, cotm-fced and 
plated at iO* cells per T-i50 flasko Cells were 
routinely passed at confluence (every 5-7 days) . 

Polyglycolie acid aesh (45ag/cc? non=h©at plated; 
2s»a ttedeic? icia diasaet©r) was sterilized Say etfiiyleae 
oxide er electron beam (E-beasa, 3m) treatment and 
presoaked overnight in eoiaplete aiediua« The saesh was 
seeded in 6-well dishes with 3-4 x 10* cells per mesh 
for 2 days at 37 •€ in complete medium and placed in an 
incuSMitor or bioreactor depending on the protocol 
used. Medium containing ascorbate was changed two- 
three times per we^. Samples were then washed with 
PBS and processed for histology after a specific 
period of growth » 

Tissues were washed in S»BS at harvesting and 
photographedo !Hliey were fixed in 3.0% buffered 
formalin, paraffin embedded and stained with 
hexaatoxylin and eosin (HSS) and/or trictorome and/or 
Safranin O, • For some saa^les^ isaunohistochemical 
staining was also performed ©n paraffin embedded 
tissue using Biotin-streptavidin Amplified System 
(Biogenex Corp.) to unmask antigenic sites « They were 
then incubated with 3% hydrogen peroxide to block 
endogenous peroxidase activity, rinsed with tris- 
salim® buffer and incubated with biotin block serunm 
{Dako, Inoo) to reduce nonspecific backgrouado 
Blocking serum was tapped off and prisaary antibodies 
to collagen type X and collagen type II were added., 
sections were then incubated with biotinlated anti» 
lg6, and washed with tris-saline buffer = They were 
then incubated with horseradish peroxidase=conjugated 
etreptavidin and washed with tris-saline. Sections 
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were then incubat^ed with 3 ^ S-diaminobensidine 
eubstoa'te and couni;er6tained ^iiti hematoxylin « 

Confluent monolayers of articuleir chondrocytes 
t^ere scraped in PBS containing 1% Tween 20 o lAapis 
buffer (as described in Laesisiliv UoSe, 1970, Hatiare 
227s680»685) t?as added and cell lysates ^ere 
fractionated 1^ SDS-PAGB and by iBoaimoblotting as 
described in Bumette, WoNo, 1981, Anal. Chenio 
112s 195-203. Antibodies to collagen type I and II 
fsfere obtained from Southern Biochemicals; inc. 
(Birmingham,. AL) and anti-chondroitin sulfate antibody 
was from Sigma (Sto liouis, HO) » 

SoioSo QgiSLS&fcitatiosi of gollaeen aaQ 
Constructs were frozen lyophilised and stored at 
«70«e until analysis o 2he constructs were digested 
with papain (img/ml) in lOOmM phosphate buffer (pH 
6o5) containing SsiM cysteine smd 5mm EDTA at 65 "C 
overnight o Quantitation of collagen and SAG were 
detesnnined according to the methods described 
(Famdale et alo . 1986^ Biochemo Biophys- Acta 883S73-- 
177^ Woessner, JoFo^ 1961, ArchiVo Biochemo BiophySo 
93S44D-447. 

6olo7o Megthera Slot ^alvais 
EtNA was isolated, fractionated on agarose- 
formaldehyde gels and probed with ['^P]-- label led type 
II collagen cDHA as described (ChomcssynsJci, Po^, €md 
Sacchi, Noff 1987 Analo Biochemo 162; I-ehrach et_aia., 
1977, Biochemistry 16s4743«4751; and Madisen et al. . 
1986, DMA 7sl"'8) » 
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Polyglyoolic acid saesh s-terilised wi-ths a) 
athylene oxide or b) electron beam va.B seeded in six 
well plates witte 3-4 x 10* cells per saesh in a to1:al 
volmae of aoml (50al per side) and incubated for 3-4 
hTo at 37®C in a tissue eultias-e incubator. At ttois 
time, ioSsal of media were added o The seeded mesh were 
incubated overnight, 5xb1 of media were added the next 
day. Media was changed three times per week for four 
weeks o samples were then removed, washed with PBS, 
and processed for histology? hematoxylin/eosin, 
trichrome (for collagen) ? and Alcan blue (for 
glycosamineglycans) . 

6o3o »agnlfca 

ami maabAI^ Qlbiegiageevfce Cul turag 
. Ca} gthyleae oxide Sreated 

Chondrocytes grown in the threes-dimensional matrix in 
the presence of TGF-/? produced cartilage tissue which 
was smoother, more glistening and had a more solid 
consistency thsm the tissue grown in cultures without 
the TGF-jS (Fig, 1) . 

Histological examination of the cartilage tissue 
using the hematoxylin=eosin stain showed an increase 
in eellularity in the cultures without TGF-^ (Fig. 2) 
eoE^ared with those with S6F-/8 (Fig^ 3). 

Staining with triehroae, an indicator of the 
presence of collagen, showed an increase in collagen 
deposition in cultures grown without TCF-^ (Fig, 4) 
compared with those grown in cultures with TGF-^ 

(Figure 5) « 

Alcan blue staining indicated an even 
distribution and increase in ©Afi deposition throughout 
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the caziillage tissue when samples were grown in the 
presence of 7) compared with those without 

TGF-i? (Pig. 6). 

The gross appearance of the tissue after S weelcs 
indicated that the cartilage grown in the presence of 
T6F*^/} was substantially larger than that grown without 
T6F-/? (Fig. 8). 

!Chere was a two«-f old increase in the dry wei^t 
of cartilage grown in cultures containing TGF^0, 20% 
more collagen and 80% more 6A6. See Table IZ below* 



TABLE II - RABBIT CARFIIAGB 
Static: 8 Week 



Sample 


Wet 
(ms) 


Dry 
Weight 
(tag) 


Toftal 
Collagen 
(mg) 


Total 
GAG 

(mg) 


% Collagoi 
(Dry 
Weifht) 


% GAG 

(Dry 
Weight) 


+ 

TGFiS 














1 


64 (n=2) 




4.8 


1.4 






2 


73 (11-2) 


8.2 


6.0 


1.1 


73.3 


13 
















-TGF-^ 














I 


35 (n=2) 




1.9 


0.3 






2 


S0ai'-2) 


4.2 


2.6 


0.3 


61.9 


7.1 



Nonnal Rabbit CartUage: GAG 15-40% 

Collagen 55-80% 



(b) Bovine chondrocytes seeded on neeh sterilized 
by B«-beam showed poor growth after four weeks. This 
is most likely due to the more rapid degradation of 
PGA after radiation treatment, causing the cells to 
fall off before being able to deposit adecpaate 
extracellular matrix* 
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Addition of fibroblast growth factor B (bFGF) 
no effect. However, addition off TGF=^ resulted in 
growth of chondrocytes and formation of cartilage 
tissue by increasing the production of esctraeellular 
snatris by the chondrocytes » Thus, addition of TGF-fi 
reverses the deleterious effects of sterilising the 
mesh by the K=beam and enhances the production of 
cartilage in the three-diaensional culture matrix. 
(Fig, 9)o 

7o Sff®et ©f seF^/S @s srowth ©2 

Bovis® efeesdroeytes ia SSoaolsyeJ? 
eultur® ©aS on shree^Bisaeaoioasl 

a) Bovine cihondrocytes were seeded at 2 = 0 ae 10* 
cells per T-25 flask. Twenty-four hours later they 
were treated with ascorbate, TGF°/5 or both. 

b) Polyglycolic acid mesh were seeded with 3 x 
10* bovine chondrocytes and cultured in S^well dishes 
for two days at 37 *C in complete media containing TSF- 

and with 50stg/ml ascorbate or no ascorbate, 

'^o^o aLBsm.TS 

7o%o^o gfg®©fc @f ses""/? @a «sr©?7ta ®f 

®@vla® eSaeaSroeyfeos ]^5a@3Liiy®s 
0!Sl&^@ saS @a sSsree^SiMsasi.oasLl 

io.) 'S@S''0 iacreases s>s@ll£@rati©a ^ 

Figure lOA shows that TGF=/3 stimulated the growth 
of bovine chondrocytes in monolayer, Addition of 
ascorbate had a stimulating effect which was additive 
with TSF-*^, Figure a. OB shows a time course for the 
proliferative effect of TGF-^ in the presence of 
ascorbate. Stimulation of chondrocyte growth was 
observed at o, lag/ml T6F=^^ (Figure IOC) and /3F6F had a 
slight inhibiting effect. 

TGF=/? treatment also resulted in substantial 
increase in SAG synthesis (Figure llA) and had no 
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defeec^iable effect on collagen type IS (Figure 13LB) o 
Hosrthem blot analysis shoved fctoat had no effect 

on collagen type SI saRMA levels (Figtare IIC) o 
Xmaunoblotting nith anti-'type I collagen antibody 
negative (Figure 12) e 

@^©wtSi @g oasfe&lag® eeasfesraefes 

Figure 13 sho%7S titee cairtilage constrvicts to be 
smootlta and glistening and three--times larger in the 
presence of TGF-^ (Figure 13 and Table III) o Cells 
were siostly concentrated on the outside edge ^hile the 
centers is^ere less dense and contained more xindegraded 
polyglycolic acid fibers (Figure 14) o Constructs 
stained positively for type II collagen (Figures 12S 
and F) but not for collagen type I (Figtares 12C and 
D) s Table III shows that TGF-ff treatment resulted in 
about 2o5 fold increase in the dry weight of the 
constructs as ^ell as in collagen and GAGo 



TABLE III 
BOVINE CARTILAGE 







Bgy W®ig&fc 


S©tail 


««sgj) 


s. 
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1 * 




1 '^©oS 





These results indicate that TGF=jS is capable of 
increasing the proliferation of chondrocytes in 
monolayers as well as increasing cartilage production 
on three-dimensional frameiforlcs. 
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Polyglycolle acid maaSi wez-e seeded wifeb 4 s 10* 
oellB in 6=^e3.1 dishes for two days and tfijuan placed 
in'&o bioreacfeoffs where they were fed eentinuously 
osias a lS=<sh®mae3L pmap (Cole-^Parmers Masfeerfl®^ with 
csTOsputerised drive^ asdel nop 7550=t0) with eos^lete 
media (250ml for 5 biereacsters) at a flew rate of 
SOfig/ml for 28 days at 37 *C with no media ehangeo 
Fresh ascorbate (SO^g/al fissal concentration) was 
added every three dayso As a sepeirate group of 
escperiments, seeded mesh were cultured statically in 6 
well dishes with Sml of media which was changed twice 
weeJcly« The media used for growing cells on 
polyglycolic acid frameworks was exactly the same as 
for cell growth in monolayer except for addition of 
ascorbate o 

gh®aSs@es*®s @a ©@lyg2.ye®li© a^i^ 
ggam«a»eg&ei Aja a Closed aio gtaaefe&g Svsti^ 

Figure ISA shows the gross appearance of seeded 

mesh grown statically. They were thinner than the 

constructs grown in the bioreactor system, which were 

glistening and about 2mm in thiclmesso Histologic 

eaomination with Hematoxylin/ Sosin or Trichrome 

revealed cell growth and deposition of exacellular= 

matrix throughout the mesh (Figiares 3.6A and 16C) » 

Alean blue and Safranin O staining showed deposition 

of SAGS (Figiares . staining of constructs 

grown statically showed far less matrix deposition 

(Figures 161 and J) c immunostaining showed positive 

reactivity for type SI collagen and chondroitin 

sulfate and no reactivity for type I collagen (Pigure 

17) « cartilage produced in the bioreactors stained 

positively with anti-type II collagen and anti- 
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chondroi-tin sulfate (Figures 18A and B) but not with 
anti-type I collagen (Figure 18C) • Biochemical 
analyses showed collagen and GAG values to be 15% and 
25% dry weight, respectively* These values in 
constructs conpare favorably with respective published 
values in rabbit articular cartilage of 30-70% aikl 10- 
30% of dry weight, respectively. 

The present invention is not to be liaited in 
scope by the specific embodiments described whicAi are 
intended as single illustrations of individual aspects 
of the invention, axt€L functionally eqpxivalent methods 
and components are within the scope of the invention, 
in addition to those shown and described herein will 
become apparent to those skilled in the art from the 
foregoing description and accompanying drawings • such 
modifications are intended to fall within the scope of 
the appended claims. 
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What, Is dained Is: 

1. A me-thod for prepauring a living stxomal 
tissue in vi-bro . comprising culttaring stromal cells 
inoculated onto a three-dimensional framework in a 
culture medium containing an effective amount of 
growth factors, so that the stromal cells and 
connective tissue proteins naturally secreted by the 
stromal cells attach to and substantially. envelope the 
framework composed of a biocompatible, non-living 
material formed into a three dimensional structure 
having interstitial spaces bridged by the stromal 
cells to form into a three-dimensional construct. 

2. Thet method of Claim 1 in which the stromal 
cells are chondrocytes. 

3. The method of Claim 1 in which the stromal 
cells are fibroblasts or fibroblast- like cells. 

4. The method of Claim 1 in which the stromal 
cells are umbilical cord cells or bone marrow cells 
from umbilical cord blood. 

5. The method of claim 1 in which the stromal 
cells are a combination of chondrocytes, chondrocyte- 
progenitors, and fibroblasts, fibroblast-like cells, 
endothelial cells, pericytes, macrophages, monocytes, 
leukocytes, plasaia cells, mast cells, adipocytes, 
umbilical cord cells, and bone marrow cells ticam. 
umbilical cord blood. 

6. The method of Claim 1 in which the framework 
is coisposed of a biodegradable material. 

7. The method of Claim 6 in which the 
biodegradable material is polyglycolic acid, cotton. 
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csat gut sutiires, cellulose gelatin, collagen or 
polyhydroKyalkanoates o 

8. The aethod of Claim 7 in ^hich the 
polyglycolic acid is treated with ethylene o^ideo 

9o The aethod of Claia 7 in ^icsh the 
polyglycolic acid is treated with an electron beaaio 

10 « The method of Claim 1 in which the 
framework is composed of a non'-biodegradable ma'terialo 

11 o The method of Claim 8 in which the non- 
biodegradable material is a polyamide^ a polyester ^ a 
polystyrene , a polypropylene^ a polyacrylate, a 
polyvinyl^ a polycarbonate, a polytetraf luorethylene^ 
or a nitrocellulose compoimd<. 

12 o The method of Claim 1 in which the framework 
is a mesh. 

13 « The method of Claim 1 further comprising 
culturing parenchymal cells inoculated onto the living 
stromal tissue. 

14, The method of Claim 13 in which the 
parenchymal cells comprise chondrocytes, chondrocyte— 
progenitors, fibroblasts, fibroblast-like cells 
umbilical cord cells, or bone marrow cells from 
umbilical cord blood o 

15 o The method of Claim 1 in which the culture 
medi\am fiirther comprises of an effective amount of 
ascorbate. 

16 o The method of Claim 1 in which the cultxxre 
medium is kept under static conditions » 



« 50 - 



wo 95^821 



FCT/17S9S/07296 



17. The method of Claim 1 in which the cultiire 
medium is kept in dynamic state by convection and 
xinder periodic pressxirization. 

18. A method for transplantation or ixuplantation 
of a living cartilage tissue construct ccnaprising, 

(a) inoculating stromal cells on a three- 
dimensional framework; 

(b) culturing the stromal cells so that 
they proliferate Jji xlfiSS; md 

(c) implwting the cartilage tissue 
construct in XiZB* 

19. A living stmaal cell-colonized three- 
dimensional framework prepared In vitro, comprising 
stromal cells and connective tissue proteins natxurally 
secreted by the stromal cells which are inoculated 
upon a three-dimensional framework such that the 
three-dimensional framework becomes populated with 
viable cells to form a three-dimensional structoire 
having interstitial spaces bridged by the stromal 
cells. 

20. mie living stromal cell-colonized three- 
dimensional framework of Claim 19 in which the stromal 
cells aure chondrocytes. 

21. The living stromal cell-colonized three- 
dimensional framework of Claim 19 in which the stromal 
cells are fibroblastis or f ibroblast-like cells. 

22. The living stromal cell-colonized three- 
dimensional framework of Claim 19 in which the stromal 
cells are umbilical cord cells or bone marrow cells 
from umbilical cord blood. 
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23. The living stromal cell-colonized tliree- 
diiaensional framework of Claim 19 in vhicti the 
framework is treated with ethylene oxide. 

24. The living stromal cell-colonized three- 
dimensional framework of Claim 19 in which the 
framework is treated with an electron beam# 

25. The living stromal cell-colonized three- 
dimensional framework of Claim 19 in which the 
framework is composed of a biodegradable material. 

26. Th& living stromal cell-colonized three-- 
dimensional framework of Claim 19 in which the 
biodegradable material is polyglycolic acid, cotton, 
cat gut sutures, cellulose, gelatin, collagen or 
polyhydroxyalkanoates • 

27. The living stromal cell-colonized three- 
dimensional freunework of Claim 19 in which the 
framework is composed of a non-biodegradable material. 

28. Hie living stromal cell-colonized three- 
dimensional framework of Claim 19 in which the non- 
biodegradable material is a polyamide, a polyester, a 
polystyrene, a polypropylene, a polyacrylate, a 
polyvinyl, a polycarbonate, a polytetraf luorethylene, 
or a nitrocellulose compoimd. 

29. The living stromal cell-colonized three- 
dimensional framework of Claim 19 in which the 
frauaework is a mesh. 

30. The living stromal cell-colonized three- 
dimensional freunework of Claim 19 in which the strcnnal 
cells comprise chondrocyte-progenitors, fibroblasts. 
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fibroblast-lJJce cells, muscle cells, umbilical cord 
cells or bone marrow cells from umbilical cord blood. 
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